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Abstract: The pathophysiological progression of chronic diseases, including atherosclerosis 
and cancer, is closely related to compositional changes in biological tissues containing 
endogenous fluorophores such as collagen, elastin, and NADH, which exhibit strong 
autofluorescence under ultraviolet excitation. Fluorescence lifetime imaging (FLIm) provides 
robust detection of the compositional changes by measuring fluorescence lifetime, which is 
an inherent property of a fluorophore. In this paper, we present a dual-modality system 
combining a multispectral analog-mean-delay (AMD) FLIm and a high-speed swept-source 
optical coherence tomography (OCT) to simultaneously visualize the cross-sectional 
morphology and biochemical compositional information of a biological tissue. Experiments 
using standard fluorescent solutions showed that the fluorescence lifetime could be measured 
with a precision of less than 40 psec using the multispectral AMD-FLIm without averaging. 
In addition, we performed ex vivo imaging on rabbit iliac normal-looking and atherosclerotic 
specimens to demonstrate the feasibility of the combined FLIm-OCT system for 
atherosclerosis imaging. We expect that the combined FLIm-OCT will be a promising next-
generation imaging technique for diagnosing atherosclerosis and cancer due to the advantages 
of the proposed label-free high-precision multispectral lifetime measurement. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
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1. Introduction 
Fluorescence lifetime imaging (FLIm) [1] is a powerful imaging method that generates an 
image from the contrast in fluorescence lifetime, which is an intrinsic property of a 
fluorophore. The fluorescence lifetime is defined as the average fluorescence decay time of 
the fluorophore excited by pulsed light. The quantitative contrast of fluorescence lifetime, 
which cannot be obtained by fluorescence intensity imaging alone, makes the FLIm technique 
attractive to many research fields, such as cell biology [2] and tissue optics [3, 4]. In addition, 
FLIm is capable of visualizing changes in ion concentration, pH, and temperature in the local 
cellular environments, and it is being used to detect Förster resonance energy transfer (FRET) 
[5] at the molecular level. FLIm also has the advantage of robustness since fluorescence 

                                                          Vol. 9, No. 4 | 1 Apr 2018 | BIOMEDICAL OPTICS EXPRESS 1933 



lifetime is independently determined regardless of fluorescence intensity, meaning that the 
technique is less affected by variations in imaging geometry than other intensity-based 
techniques. 

Endogenous fluorophores in biological tissues such as collagen, elastin, nicotinamide 
adenine dinucleotide (NADH), flavin adenine dinucleotide (FAD), lipoproteins, and fatty acid 
show strong autofluorescence with different fluorescence emission bands and lifetimes under 
ultraviolet excitation [6–12]. Upon ultraviolet excitation, collagen and elastin exhibit 
fluorescence lifetimes of about 4 nsec and 3 nsec with fluorescence emission peaks of 390 nm 
and 410 nm, respectively [10–12]. NADH exhibits a fluorescence emission peak of 460 nm, 
but the fluorescence lifetime of NADH changes depending on the binding state of NADH to 
the mitochondrial shuttle, i.e., 2 to 4 nsec for bound NADH and about 0.4 nsec for free 
NADH [13]. Lipoproteins and fatty acid generally exhibit fluorescence emission in a red-shift 
and wide bandwidth with short fluorescence lifetimes of about 2 to 3 nsec at the lower 
bandwidth (< 420 nm) and fluorescence lifetimes longer than 5 nsec at the higher bandwidth 
(> 460 nm) [7, 8, 10–12]. Alterations in the composition of these endogenous fluorophores in 
biological tissues are deeply associated with the pathophysiological progress of fatal diseases 
including cancer [14, 15] and atherosclerosis [10]. A multispectral FLIm that can provide 
information about endogenous fluorophores has the ability to characterize changes in 
composition and the pathophysiological progress in a label-free manner. These advantages 
have led to several studies on FLIm imaging of atherosclerotic plaques [10, 16–18], brain 
tumors [19], oral carcinoma [20, 21], and basal cell carcinoma [22]. These studies 
demonstrated that FLIm showed superior performance in distinguishing compositions in 
biological tissues with high accuracy, making FLIm a promising diagnostic technique for 
atherosclerosis and cancer. 

Atherosclerosis imaging with FLIm can be particularly useful in detecting rupture-prone 
high-risk vulnerable plaques. Atherosclerosis is an inflammatory and vascular remodeling 
process accompanied by the accumulation of lipid-laden macrophages in the intimal layer of a 
coronary artery [23]. Vulnerable plaques are defined as unstable atherosclerotic plaques that 
are highly prone to rupture, which can lead to intra-arterial thrombosis and its associated fatal 
consequences such as myocardial infarction [24]. Vulnerable plaques are generally 
characterized by several abnormal features [24–26]: an enlarged lipid-rich necrotic core [27–
29], a thin fibrous cap with a thickness of <65 µm covering the necrotic core [27, 28, 30], and 
increased inflammation due to macrophage infiltration [31, 32]. Therefore, the vulnerability 
of atherosclerotic plaques is closely related to changes in biochemical compositions, which 
contain the endogenous fluorophores. Previous FLIm imaging studies of atherosclerosis [10, 
16–18, 33, 34] have demonstrated the feasibility of FLIm as a method for characterizing the 
vulnerability of atherosclerotic plaques and have shown the potential to improve the 
diagnostic accuracy and sensitivity of imaging modalities to detect vulnerable plaques. 

Due to the aforementioned advantages of FLIm for atherosclerosis imaging, several 
studies have been introduced on the combination of FLIm and morphological imaging 
modalities such as intravascular ultrasound (IVUS) [35] and optical coherence tomography 
(OCT) [36] to simultaneously provide morphological and biochemical compositional 
information of atherosclerotic tissue. Bec et al. [37] and Ma et al. [38] reported the 
development of a dual-modal intravascular catheter combined with IVUS. The combined 
FLIm-IVUS catheters have been successfully demonstrated in human coronary artery ex vivo 
[39] and in swine coronary artery in vivo [40] by the same group, showing the potential for 
the comprehensive imaging in coronary intervention. Furthermore, the dual-modality 
combined FLIm-OCT system has been suggested in a bench-top configuration for higher 
spatial resolution and faster imaging speed [34, 41]. Recently, Sherlock et al. [42] also 
developed a fiber-based combined FLIm and OCT endoscopic system using a single double-
clad fiber, taking this strategy one step closer to clinical translation. 
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The standard technique for measuring fluorescence lifetime is the time-correlated single 
photon counting (TCSPC) method [43], which determines the fluorescence lifetime from a 
histogram of photon arrival time reconstructed from the detection of individual fluorescence 
photons by a periodic excitation. TCSPC can produce a fluorescence lifetime measurement 
with high temporal resolution, high accuracy, and good photon economy, but it suffers from 
very slow measurement speed, which is not suitable for fluorescence lifetime imaging in vivo. 
To overcome the speed limitation, alternative measurement methods such as pulse sampling 
[44, 45], gating [46], and the phase modulation [47] method have been introduced due to 
recent advances in fast electronics and detectors. The pulse sampling method directly 
measures short fluorescence emission pulses using a gated intensified microchannel plate 
photomultiplier tube (MCP-PMT) with a fast rise time and a narrow time response, an 
amplifier with a broad bandwidth, and a ultrahigh-speed digitizer [48], then it retrieves a 
fluorescence exponential decay function from the digitized pulses by a complex 
deconvolution algorithm [49]. The measurement method has been used in the above-
mentioned FLIm studies for atherosclerosis imaging and the FLIm system in the combined 
system with IVUS or OCT [50, 51]. However, due to detection noise, including Gaussian 
noise, Poisson noise, and electrical jitter noise, multiple fluorescence decay profiles must be 
averaged to obtain a high-precision fluorescence lifetime measurement in many studies. This 
averaging process inevitably decreases the effective measurement speed. Furthermore, the 
aforementioned method results in inefficiencies in measurement speed because a very low 
duty cycle (~1%) for gating operation of the MCP-PMT [48] limits the repetition rate of the 
pulsed laser, decreasing the maximum measurement speed. To translate the FLIm technique 
into an in vivo intravascular catheter-based system for clinical purposes, high-speed and high-
precision effective fluorescence lifetime measurement methods are required to reduce cardiac 
motion artifacts and to minimize the deleterious effects caused by flushing agents from 
patients. 

In this paper, we present a multispectral FLIm under ultraviolet excitation for 
autofluorescence imaging of fresh biological tissues based on the analog-mean-delay (AMD) 
method [52–56], a high-speed and high-precision fluorescence lifetime measurement method. 
Additionally, the multispectral AMD-FLIm subsystem is combined with a custom-built high-
speed swept-source OCT subsystem into a dual-modality imaging system that simultaneously 
visualizes both the depth-resolved morphology and the biochemical compositional 
information. In the following sections, we describe the theoretical background of the AMD 
method, Monte Carlo simulations for the multispectral AMD-FLIm, the combined system 
configuration, methods for performance validation, and experimental results. The developed 
combined system was validated with fluorescent solutions with known fluorescence lifetimes. 
Ex vivo imaging of atherosclerotic rabbit iliac artery tissue was performed to demonstrate the 
feasibility of the combined FLIm-OCT system for atherosclerosis imaging. 

2. Methods 
2.1 The theoretical background of the AMD method 

The AMD method [52–56] can measure fluorescence lifetime based on the facts that the 
mean-delay of a fluorescence exponential decay is mathematically identical to the 
fluorescence lifetime, where mean-delay is defined as a signal centroid on the time domain, 

( ) / ( )t i t dt i t dt⋅  , and that the convolution in the time domain can be transformed as an 

algebraic sum in the mean-delay domain. Thus, the fluorescence lifetime, τ , is simply 
determined by subtracting the mean-delay of the instrumental response function (IRF) from 
that of the measured fluorescence emission pulse as follows: 
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where decayMD , emMD  and irfMD  denote the mean-delays of the fluorescence exponential 

decay function ( /( ) t
decayi t Ae τ−= ), the measured fluorescence emission pulse ( ( )emi t ), and the 

IRF ( ( )irfi t ), respectively. emMD  is equal to the sum of exMD , decayMD , and pdMD , which 

are the mean-delays of the excitation light pulse ( ( )exi t ), the fluorescence exponential decay 

function, and the impulse response ( ( )pdi t ), respectively. On the other hand, irfMD  is equal 

to the sum of exMD  and pdMD  because the IRF is measured from a reflected light from a 

substance with a zero fluorescence lifetime. Note that ( )emi t  is equal to 

( ) ( ) ( )ex decay pdi t i t i t⊗ ⊗  and ( )irfi t  is equal to ( ) ( )ex pdi t i t⊗ , where ⊗  denotes convolution 

operation. This simple deconvolution process effectively eliminates the effect of the 
photodetector response time. Therefore, the AMD-FLIm method can be implemented using a 
relatively low bandwidth PMT instead of expensive high-speed electronics such as a gated 
intensified MCP-PMT, a broad-bandwidth amplifier, and a broadband digitizer. While the 
very low duty cycle for gating operation of the MCP-PMT [48] limits the maximum 
measurement speed, the measurement speed of the AMD-FLIm can be increased up to the 
repetition rate of the pulsed laser. Real-time AMD-FLIm has been demonstrated using a 
femtosecond Ti-Sapphire laser with a repetition rate of 76 MHz [56]. Not only is this method 
economically advantageous, but it has been demonstrated that the AMD method can measure 
fluorescence lifetime with high accuracy and photon economy that is as good as that of 
TCSPC. Accordingly, this promising fluorescence lifetime measurement method could be the 
best for in vivo FLIm applications in terms of both performance and cost. 
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2.2 Combined system configuration 

 

Fig. 1. A schematic diagram of the combined FLIm-OCT system with the OCT subsystem 
(orange), the FLIm subsystem (sky-blue), the combining optics of FLIm and OCT (green), and 
the workstation and data acquisition system (navy). Gray and black lines are electronic wires 
and optical fibers, respectively. DM: dichroic mirror; L: lens; F: filter; GVM: galvano mirror; 
DC: dispersion compensator; FS: acousto-optic frequency shifter; PC: polarization controller. 

Figure 1 shows a schematic diagram of the combined FLIm-OCT system. First, a custom-
built high-speed swept-source OCT subsystem [57] is described in the orange-colored portion 
of Fig. 1. A short cavity wavelength-swept laser was constructed with a fiber-based tunable 
Fabry-Perot filter (Lambdaquest, CA, USA) and a semiconductor optical amplifier (SOA; 
BOA1130S, Thorlabs Inc., NJ, USA) with a wavelength sweeping range of 120 nm (centered 
at 1290 nm), a repetition rate of 120 kHz, and an average output power of 55 mW. The 
instantaneous linewidth was measured to be 0.15 nm, resulting in a 6-dB roll-off length of 4.5 
mm. 

The output of the wavelength-swept laser was split at a ratio of 90 to 10, directed to the 
sample arm and the reference arm, respectively. The reference arm was again split at a ratio 
of 50 to 50, and one of the halves was directed to a reflective diffraction grating to generate a 
trigger signal with the same rate as the sweeping repetition rate. The trigger signal was used 
for external triggering of a two-channel 14-bit digitizer (Signatec PX14400A, 
DynamicSignals LLC, IL, USA) that simultaneously records an OCT interferogram and a 
fluorescence emission pulse sequence. To avoid image cross-talk and provide full-depth 
imaging, an acousto-optics frequency shifter (FS; Brimrose Corp., MD, USA) was added in 
the reference arm. A dummy AMTIR block was added in the sample arm to compensate for 
the dispersion by the frequency shifter in the reference arm. The interferogram from a 
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balanced detector (HCA-S-200M, Femto Messtechnik GmbH, Germany) was recorded on the 
first channel of the digitizer at a sampling rate of 340 MHz. 

A schematic diagram of the multispectral AMD-FLIm subsystem is shown in the sky-
blue-colored portion of Fig. 1. A Q-switched diode-pumped solid-state laser (SPOT-10-100-
355, Elforlight Ltd., UK) with a 355 nm wavelength, a 1.56 nsec pulse width, a < ± 1 nsec 
jitter, and a 50 kHz maximum pulse repetition rate was used as the ultraviolet excitation light 
source. The excitation pulsed laser was triggered by a synchronized trigger signal generated 
from a data acquisition (DAQ) board (NI-USB-6343, National Instruments, TX, USA). On 
the DAQ board, one rising edge of the trigger signal for the excitation pulsed laser was 
generated for every fourth rising edge of the trigger signal for the OCT subsystem. Thus, the 
excitation pulse train was synchronized, and the repetition rate was one-quarter that of the 
trigger signal for the OCT subsystem, resulting in a repetition rate of 30 kHz for the 
excitation pulsed laser in this configuration. 

An excitation band-pass filter (F1; ZET355/10x, Chroma Technology Corp., VT, USA) 
was used to eliminate non-third harmonic components. The light transmitted through the filter 
was reflected using a dichroic mirror (reflectivity at 355 nm: >98%; DM1; FF376-Di01, 
Semrock Inc., NY, USA), and it was then coupled to the multi-mode fiber (MMF) with a core 
diameter of 50 µm (FG050UGA, Thorlabs Inc., NJ, USA). Here, the residual light that was 
not reflected by the dichroic mirror was used to measure the IRF for every measurement of a 
fluorescence emission pulse sequence. This simple manipulation enabled the precision 
enhancement in the fluorescence lifetime measurement by being insensitive to the timing 
deviation by electrical jitter noises, which can severely degrade the measurement precision in 
the AMD method, because the common timing deviation by the electrical jitter noises can be 
cancelled out by itself in the deconvolution process described above [53]. The residual light 
for the IRF was coupled to the MMF with a core diameter of 400 µm (FVP400440480, 
Polymicro Technologies LLC, AZ, USA) and a length of 1 m. It was then directed to a 
photomultiplier tube (PMT; H10720-210, Hamamatsu Photonics, Japan) integrated with a 
preamplifier module (bandwidth: 50 MHz; Nanoscope Systems Inc., South Korea). 

The fluorescence emission from a sample was coupled to the MMF with a core diameter 
of 200 µm (FG200UEA, Thorlabs Inc., NJ, USA) by an achromatic doublet (L5; 
PAC15AR.15, Newport Corp., CA, USA). The proposed multispectral AMD-FLIm system 
has three spectral channels (390/40 nm, 452/45 nm, and 542/50 nm) that are used to 
simultaneously obtain information on substances with different emission bands and 
fluorescence lifetimes, such as collagen, elastin, NADH, and lipids. To spectrally and 
temporally resolve fluorescence emission pulses, we developed a spectral resolving unit 
(SRU) (the deep sky-blue-colored box in the sky-blue-colored portion of Fig. 1) consisting of 
a series of dichroic mirrors, optical filters and optical delay-lines with different lengths. In the 
SRU, the fluorescence emission that passed through a long-pass filter (F2; BLP01-355R-25, 
Semrock Inc., NY, USA) was spectrally resolved by dichroic mirrors (DM2, DM3; FF414-
Di01, FF506-Di03, Semrock Inc., NY, USA) and emission filters (F3, F4, F5; FF01-390/40-
25, FF01-452/45-25, FF01-542/50-25, Semrock Inc., NY, USA). Thus, the fluorescence 
emission was spectrally divided into three wavelength bands of (center wavelength / 
bandwidth): 390/40 nm (channel 1), 452/45 nm (channel 2), and 542/50 nm (channel 3). The 
fluorescence emission of each spectral channel was coupled to different MMFs with a core 
diameter of 400 µm (FVP400440480, Polymicro Technologies LLC, AZ, USA) and lengths 
of 16, 31, and 46 m, respectively, before being directed to the PMT module. Thereby, the IRF 
and the fluorescence emission lights of the three spectral channels were temporally resolved 
with temporal delays of approximately 4.9, 78.2, 151.6, and 224.9 nanoseconds, respectively. 
In the AMD method, modal dispersion caused by the use of the optical delay lines composed 
of multimode fibers has little effect on the measured fluorescence emission pulses. The details 
are provided in the following sections. The spectrally- and temporally-resolved fluorescence 
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emission pulse sequence detected by the PMT module were recorded on the second channel 
of the digitizer to be automatically co-registered with the corresponding OCT image. 

The combining optics of the FLIm and OCT subsystem and the scanning part are 
described in the green-colored portion of Fig. 1. The excitation light of the FLIm subsystem 
was reflected twice by dichroic mirrors with an edge wavelength of 376 nm (DM4; FF376-
Di01, Semrock Inc., NY, USA) and 665 nm (DM5; FF665-Di02, Semrock Inc., NY, USA). 
The light from the OCT subsystem passed through the DM5. Subsequently, the combined 
lights were scanned by a 2-axis galvanometer mirror scanner (GVM; 6220H, Cambridge 
Technology Inc., MA, USA), and then focused to the sample through an objective lens (L4; 
65595; Edmund Optics Inc., NJ, USA) made of a substrate that can accommodate a wide 
wavelength band from 350 nm to 1,700 nm (Zeonex E48R, Zeon Corp., Japan). Using the 
trigger signal of the OCT subsystem as the sample clock, a sawtooth waveform was generated 
for the fast scan of the 2-axis scanner to set a frame rate of 117 frames per second with 1,024 
A-lines and 256 FLIm pixels per frame. The maximum scan range for the fast scan was ± 4 
mm, and a step function for the slow scan was generated accordingly to set a maximum field 
of view of 8 mm by 8 mm. The returning fluorescence emission from the sample was directed 
to the SRU for spectral-resolving as described above. After passing through the objective, the 
pulse energy of the FLIm subsystem was 10 nJ. The sensitivity of the OCT subsystem was 
99.5 dB, and the axial resolution of the OCT subsystem in air was 11 µm. The transverse 
resolutions of the FLIm and OCT subsystems were 120 µm and 21 µm, respectively, which 
were determined from their point spread functions measured using microspheres (InSpeckTM 
Blue 350/440 Microscope Image Intensity Calibration Kit, Thermo Fisher Scientific Inc., 
MA, USA). 

2.3 Monte-Carlo simulation for the multispectral AMD-FLIm 

Monte-Carlo simulations were performed to verify that the proposed multispectral AMD 
method is independent of the modal dispersion caused by the use of the optical delay-lines in 
the fluorescence lifetime measurement. We assumed that each photon experiences three 
temporal delays until each photon is detected by a photodetector: (1) the temporal delay when 
an excitation photon is generated at the laser, (2) the temporal delay while an electron excited 
by the excitation photon stays in the excited state of the fluorophore, and (3) the temporal 
delay by modal dispersion of the optical delay-lines composed of multimode fiber. The mean 
value of the second temporal delay is the fluorescence lifetime by definition. Each temporal 
delay is determined by different random processes following different probability density 
functions (PDFs) including: (1) a beta PDF with a positive-skewed shape to emulate an 
excitation light pulse, (2) an exponential PDF with a rate parameter identical to the reciprocal 
of a simulated fluorescence lifetime for temporal delay of the excited electron, and (3) the 
product of the refractive index, length of the optical delay-lines, and the cosine of a random 
acceptance angle following a Gaussian PDF with a zero mean and a standard deviation of 
one-half of the maximum acceptance angle determined by the NA of the optical fibers of the 
delay-lines to model the temporal delay by modal dispersion in the delay-lines. A total of one 
thousand simulated photons were created to construct a single simulated fluorescence 
emission pulse, which is the sum of each photon’s response delayed by the total temporal 
delays in the three steps previously described. The impulse response of the photodetector was 
assumed to be a Gaussian function with a width determined by the bandwidth of the 
photodetector. Before calculating the mean-delay, the simulated fluorescence emission pulses 
were digitized and analog-digital converted according to the specifications of the digitizer 
used for the combined system. The mean-delays were calculated to measure the fluorescence 
lifetime from the simulated IRF and the simulated fluorescence emission pulse. The simulated 
IRF was identical to the fluorescence emission pulse with a fluorescence lifetime of 0 nsec. 
This procedure was repeated 1,000 times to evaluate the accuracy and precision of the 
fluorescence lifetime measurement. 
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2.4 Signal and image processing 

 

Fig. 2. Workflow of signal and image processing for the combined FLIm-OCT image 
visualization, which is split into six steps: two-channel raw data acquisition, raw data 
deinterleaving, OCT processing, FLIm processing, data conversion, and combined image 
visualization. Each box represents a task. 

The OCT interferograms and the fluorescence emission pulse sequences recorded by the two-
channel digitizer were processed based on a multithreading programming technique, and the 
resulting image was visualized in real-time (Fig. 2). 

First, interleaved two-channel raw data from the digitizer were acquired. These data were 
then deinterleaved to separate the interferograms and the fluorescence emission pulse 
sequences. Subsequently, the interferograms with 1,024 A-scans were transformed into an 
OCT image through background removal, k-domain linearization, numerical dispersion 
compensation, fast Fourier transform, and log conversion for decibel scaling. 

At the same time, the fluorescence intensity and lifetime corresponding to the OCT image 
were calculated from the fluorescence emission pulse sequences. After dc level adjustment 
and spline interpolation for each pulse of the fluorescence emission pulse sequences, the 
fluorescence intensity of each spectral channel was calculated by dividing the integral of the 
fluorescence emission pulse of each spectral channel by that of the IRF pulse. To calculate the 
fluorescence lifetime from the pulse sequence, the mean-delay of each pulse was determined 
by an iterative process [52]. (1) The initial mean-delay was set to be the maximum position of 
each pulse. (2) The initial range of interest (ROI) was set to twice the full-width at half-
maximum (FWHM) of each pulse centered at the initial mean-delay so that the fluorescence 
emission pulse was sufficiently included. If the fluorescence emission pulse is not sufficiently 
included, the tail side of the pulse that reflects much of the fluorescence exponential decay 
function cannot be included, resulting in underestimation of the fluorescence lifetime. Thus, 
we empirically set the width of the ROI to twice the FWHM. (3) The intermediate mean-
delay was calculated in the ROI based on the definition of mean-delay in Eq. (1). (4) The 
intermediate ROI was similar to that in step 2, but was centered at the intermediate mean-
delay. (5) Steps 3 and 4 were iterated 10 times, and the final mean-delay of each pulse was 
obtained. Thereafter, the fluorescence lifetime of each spectral channel was calculated by 
subtracting the mean-delay of the IRF and the delay-time induced by the optical delay-line for 
each spectral channel from the mean-delay of the fluorescence emission pulse of each spectral 
channel. 

To effectively visualize the FLIm, the pseudocolor en face map was generated based on 
the HSV (hue, saturation, value) color space, where value and hue represent fluorescence 
intensity and its lifetime, respectively. After the decibel-scaled OCT image was converted to 
an 8-bit grayscale image, the pseudocolor information at the corresponding position was 
superimposed on the bottom of the grayscale OCT image for visualizing co-registered data. 

All of the processes were operated on a user-friendly graphical user interface written in C 
+ + based on the Qt Framework (Qt 5.8, The Qt Company, Finland) on a workstation with 
two Intel Xeon Haswell 8-core E5-2630 v3 @ 2.40 GHz processors and 32 GB of RAM. For 
the best performance, multithreaded operation functions (e.g., fast Fourier transform, 
convolution, and matrix operation) that were highly optimized to the Intel CPU provided by 
Intel Integrated Performance Primitives and the parallel-for loop provided by Intel Threading 
Building Blocks were used. 
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2.5 Performance validation and ex vivo imaging 

The accuracy and precision of the fluorescence lifetime measurement of the FLIm subsystem 
were evaluated with various fluorescent solutions with known fluorescence lifetimes 
including Coumarin 120, POPOP, and Rhodamine 6G (Sigma Aldrich Corp., MO, USA) 
(Table 1). 

Table 1. Fluorescence emission peak and fluorescence lifetime of solutions for 
performance validation of the FLIm subsystem 

Fluorophore Solvent 
Fluorescence 
emission peak 

Fluorescence 
lifetime 

Coumarin 120 [58] 

Ethanol 431 nm 3.64 nsec 

Methanol 434 nm 3.85 nsec 

Cyclohexane 380 nm 0.64 nsec 

POPOP [59] Ethanol 410 nm 1.35 nsec 

Rhodamine 6G [60] Ethanol 555 nm 3.99 nsec 

 
To demonstrate the feasibility of using the combined FLIm-OCT system for 

atherosclerosis imaging, ex vivo imaging was performed with iliac specimens from an 
atherosclerotic rabbit model developed using balloon denudation to their right iliac artery and 
feeding a high cholesterol diet. A detailed protocol for developing an atherosclerotic rabbit 
model has been described in a previous publication [61]. The animal experiments were 
approved by the Institutional Animal Care and Use Committee of Korea University (KOREA-
2017-0003) and were performed in accordance with national and institutional guidelines. 
Within one hour after the experimental rabbit was euthanized, the right atherosclerosis-
induced iliac artery and the intact normal artery on the left iliac artery were resected, perfused 
by saline, cut into pieces of interest, longitudinally opened, placed on a confocal dish, and 
imaged using the combined FLIm-OCT system. We used two resected iliac specimens for the 
experiment; one from normal-looking tissue and the other from atherosclerotic tissue. 
Following imaging, the specimens were embedded in an optimal cutting temperature 
compound (Sakura Finetek, CA, USA) and frozen at −80 °C. For histopathological analyses, 
the frozen specimens were sliced to a thickness of 10 µm. Each sliced specimen was stained 
with hematoxylin and eosin (H&E), Oil-red O (ORO), picrosirius red, or monoclonal mouse 
anti-rabbit antibody (RAM-11) immunostaining to assess morphology, lipid content, collagen 
content, and macrophage infiltration, respectively. In addition, we statistically analyzed the 
fluorescence lifetime distributions of each channel in different regions, which were 
determined manually compared to the corresponding histopathological sections. The two-
tailed unpaired Student’s t-test was used to determine differences between regions on a pixel-
by-pixel basis. 

3. Results 

3.1 Monte-Carlo simulation for the multispectral AMD-FLIm 

The shape parameters of the beta distribution, α  and β , were adjusted to 4.5 and 0.345, 

respectively, for the simulation described in Section 2.3 so that the simulated excitation pulse 
width was 1.56 nsec, which corresponds to the pulse width of the excitation laser. The 
bandwidth of the virtual detector was set to 50 MHz, which corresponds to the bandwidth of 
the PMT-preamplifier module. In addition, we considered the variation in the number of 
detected photons by shot (Poisson) noise and added white Gaussian noise to the simulated 
pulse sequence waveform to emulate a practical environment. The simulation was performed 
for various lengths of optical delay lines for the temporal separation of an IRF and a 
fluorescence emission pulse. 
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Fig. 3. Monte-Carlo simulation results for the multispectral AMD-FLIm subsystem. (a) 
Simulated pulse sequence waveforms for the different fluorescence lifetimes (0, 2, 4, 6 nsec) 
with the optical delay-line lengths of 1 m (IRF), 16 m (Ch 1), 31 m (Ch 2), and 46 m (Ch 3). 
(b) Results of the simulation for fluorescence lifetime measurements according to the length 
difference between the two optical delay-lines for the fluorescence emission pulse and the IRF 
from 0 m to 50 m. (c) Compensation results for the increase in measured fluorescence lifetime 
due to the use of optical delay-lines. Solid lines and dashed lines in (b) and (c) denote the 
expected value and the standard deviation (precision) of each simulation with the different 
fluorescence lifetimes. 

Figure 3(a) describes simulated spline-interpolated pulse sequence waveforms with 
different fluorescence lifetimes of 0, 2, 4, and 6 nsec (red, yellow, green, and blue solid lines 
in Fig. 3(a), respectively). Each simulated pulse of IRF, channels 1, 2, and 3 was created 
using the different virtual optical delay lines with lengths of 1 m, 16 m, 31 m, and 46 m, 
respectively. Note that, since the exponential decay function from the longer fluorescence 
lifetime has a longer tail, the fluorescence emission pulses with longer fluorescence lifetimes 
have more asymmetric shapes and longer tails than those with shorter fluorescence lifetimes. 

Figure 3(b) shows the simulation results of fluorescence lifetime measurements for the 
length differences (from 0 to 50 m) of the virtual optical delay-lines between fluorescence 
emission and IRF, when the length of the virtual optical delay-line for IRF is 1 m. As shown 
in Fig. 3(b), the measured fluorescence lifetime increases linearly with the length difference 
of the optical delay-lines due to the modal dispersion of the optical fibers. The slope of all 
curves was equally measured to be 0.014 nsec/m. Therefore, the increase in measured 
fluorescence lifetime due to the use of optical delay-lines can be compensated for in a simple 
manner by subtracting the result of the zero fluorescence lifetime (the red straight-line in Fig. 
3(b)) (Fig. 3(c)). In practice, the compensation can be achieved based on the measurement of 
the fluorescence lifetime of a solution with a known fluorescence lifetime using the three 
optical delay-lines with the lengths of 16 m, 31 m, and 46 m for each spectral channel. 
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As shown in Fig. 3(c), the fluorescence lifetime tends to be slightly under-measured for all 
the simulated fluorescence emission pulses with the different fluorescence lifetimes, 
especially for pulses with longer fluorescence lifetimes. This is because the ROI is not large 
enough to fully contain the tail of the fluorescence emission pulse. In other words, the tail of 
the fluorescence emission pulse reflects more of the exponential decay function than the 
center of the fluorescence emission pulse. However, since the range of interest of the 
fluorescence lifetime in this study is below about 5 nsec, which corresponds to a fluorescence 
lifetime of lipoproteins on the higher bandwidth of >460 nm, the under-measurement 
tendency does not significantly affect the measurement. Although this underestimation can be 
readily compensated for, since the relationship between the simulated fluorescence lifetime 
and the measured fluorescence lifetime is bijective, no compensation for this under-
measurement tendency was applied for the following results. 

3.2 Performance validation for the multispectral AMD-FLIm subsystem 

The fluorescence lifetime of the solutions in Table 1 was measured to evaluate the 
performance of the FLIm subsystem and to experimentally demonstrate the precision 
enhancement by the proposed method. Visualization 1 shows the fluorescence emission pulse 
sequences in practice. Prior to the performance validation, the compensation that involves the 
measurement and elimination of the additional delay times induced by optical delay-lines was 
performed using two solutions (POPOP with ethanol and Coumarin 120 with ethanol). This 
calibration process for the compensation is only required once for the very first imaging. The 
fluorescence lifetime was measured for each solution for one second (approximately 30,000 
times). Table 2 summarizes the results of the fluorescence lifetime measurement for the 
solutions. For all solutions, the FLIm subsystem can measure fluorescence lifetime with good 
correspondence to the literature and with a precision within 40 psec without any averaging 
steps. There are slight differences from the literature, probably because the fluorescence 
lifetime is sensitive to the external environment including temperature and concentration. 

Table 2. Results of fluorescence lifetime measurements for the solutions with known 
fluorescence lifetimes 

Fluorescence solution 
Literature 
lifetime 

Measured fluorescence lifetime 

Ch 1 (390 nm) Ch 2 (452 nm) Ch 3 (542 nm) 

Coumarin 120 with ethanola 3.64 nsec 3.45 ± 0.03 nsec 3.59 ± 0.04 nsec - 

Coumarin 120 with methanol 3.85 nsec 3.63 ± 0.03 nsec 3.75 ± 0.04 nsec - 

Coumarin 120 with cyclohexane 0.64 nsec 0.82 ± 0.02 nsec 0.97 ± 0.03 nsec - 

POPOP with ethanola 1.35 nsec 1.43 ± 0.03 nsec 1.35 ± 0.03 nsec - 

Rhodamine 6G with ethanol 3.99 nsec - - 3.84 ± 0.04 nsec 
aSolution used to compensate for the delay times by optical delay-lines. 
bMean ± standard deviation of the fluorescence lifetime measurement. 
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3.3 Imaging of rabbit iliac arteries ex vivo 

 

Fig. 4. A combined FLIm-OCT imaging result for a normal-looking rabbit iliac artery tissue 
specimen. (a) An OCT image of the normal-looking specimen combined with the co-registered 
fluorescence lifetime distribution of the three spectral channels. (b-d) Pseudocolor en face 
maps of fluorescence lifetime distribution of channels (b) 1, (c) 2, and (d) 3, which are 
represented in HSV color space. Each red dashed line indicates the corresponding position to 
the image in (a). (e-h) The corresponding histopathological sections: (e) H&E staining, (f) 
ORO staining, (g) PSR staining, and (h) RAM11 immunostaining. Red arrowheads in (a) and 
(e-h) show the exact match between the combined FLIm-OCT image and the histological 
sections. Scale bars are 1 mm. 

We performed combined FLIm-OCT imaging for normal-looking and atherosclerotic tissue 
specimens from a rabbit model with the atherosclerosis-induced iliac artery. Figure 4 shows 
the imaging results for the normal-looking iliac specimen. The field of view was 6 mm by 6 
mm with an acquisition time of about 2.5 sec. As shown in Fig. 4(a), a representative cross-
section of the OCT image clearly visualizes thin, flat, and typical of the morphology of a 
normal artery [62]. The corresponding fluorescence lifetime distribution for the spectral 
channels is also provided: 4.41 ± 0.06 nsec (Ch 1) and 3.85 ± 0.03 nsec (Ch 2). The resulting 
fluorescence lifetime distribution is close to that of elastin. This is reasonable because the 
iliac artery is an elastic artery that contains a large amount of elastin filaments in its tunica 
media [63]. In addition, the homogenous distribution of the fluorescence lifetime in the en 
face maps (Figs. 4(b-d)) and the corresponding negative and homogenous histopathological 
sections (Figs. 4(e-h)) suggest that the specimen does not contain neither lipids, collagen, nor 
macrophages, and that the imaging result is derived from normal arterial tissue with abundant 
elastin. However, there is a portion showing a different morphology and different 
fluorescence lifetime distributions of 4.60 ± 0.04 nsec (Ch 1) and 4.19 ± 0.06 nsec (Ch 2) on 
the right side of the combined image (red arrowhead in Fig. 4(a)). These values represent a 
statistically significant difference compared to the left side of the combined image, with p < 
0.0001. The corresponding portion on the histopathological sections (red arrowheads in Figs. 
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4(e-h)) was also stained positive, revealing that the difference might be due to other tissue 
components, such as lipids and collagen, and macrophage infiltration. 

 

Fig. 5. A combined FLIm-OCT imaging result for an atherosclerotic rabbit iliac artery tissue 
specimen. (a) An OCT image of the atherosclerotic specimen combined with the co-registered 
fluorescence lifetime distribution of the three spectral channels. (b-d) Pseudocolor en face 
maps of fluorescence lifetime distribution of channels (b) 1, (c) 2 and (d) 3, which are 
represented in HSV color space. Each red dashed line indicates the corresponding position to 
the image in (a). (e-h) The corresponding histopathological sections: (e) H&E staining, (f) 
ORO staining, (g) PSR staining, and (h) RAM11 immunostaining. Red arrowheads in (a) and 
(e-h) show the exact match between the combined FLIm-OCT image and the histological 
sections. Scale bars are 1 mm. 

Figure 5 shows the imaging results for the atherosclerotic iliac specimen. The field of 
view was 8 mm by 6 mm with an acquisition time of about 2.5 sec. As shown in Fig. 5(a), 
atherosclerotic tissue became thicker, and there was a signal-poor region with a diffusing 
boundary (white asterisk in Fig. 5(a)) due to the presence of lipid-laden foam cells with a high 
absorption property [62]. Especially, macrophages appeared to spread over the surface of the 
tissue and more densely in the signal-poor region because the regions with macrophages were 
visualized as punctate regions with high attenuation in the OCT images [64]. The results of 
the atherosclerotic iliac specimen (Figs. 5(b, c)) show statistically significant differences from 
the results of the normal-looking specimen (Figs. 4(b, c)) in both channels, with p < 0.0001. 
In addition, the fluorescence lifetime distribution is different in the left and right portions with 
respect to the white dashed line of the combined image: Ch1, 4.73 ± 0.06 nsec (left portion) 
vs. 4.43 ± 0.07 nsec (right portion), p< 0.0001; Ch2, 4.35 ± 0.06 nsec (left portion) vs. 4.20 ± 
0.04 nsec (right portion) (Fig. 5(a)). In the left portion, both channels 1 and 2 exhibited a 
longer fluorescence lifetime than the right portion and the normal-looking specimen, because 
collagen, which has a long fluorescence lifetime in both channels, is densely distributed on 
the surface of the left portion, which is thought to be fibrous plaques [62]. Thus, we expected 
collagen to have a larger contribution to the fluorescence signal. The left portion of the 
picrosirius-stained section (black asterisk in Fig. 5(g)) was positively and deeply stained, 

                                                          Vol. 9, No. 4 | 1 Apr 2018 | BIOMEDICAL OPTICS EXPRESS 1945 



showing the presence of dense collagen. In the right portion with macrophages and lipid, on 
the other hand, bound NADH in the macrophages and the degradation of collagen on the cap 
of the fibroatheroma appeared to decrease the fluorescence lifetime of both channels 1 and 2 
compared to the left portion [65]. This analysis of the imaging result can also be supported by 
the histopathological sections (Fig. 5(e-h)). While the RAM11-immunostained section (Fig. 
5(h)) shows the macrophages spread over the tissue, the surface of the right portion was 
stained much darker showing strong macrophage infiltration on the surface of the right 
portion (black asterisk in Fig. 5(h)) compared with the surface of the left portion. In addition, 
the right portion of the picrosirius-stained section was faintly stained (Fig. 5(g)) indicating 
that there was less collagen or degraded collagen as the fibroatheroma advances. 

4. Discussion and conclusions 
In this paper, we described the development of a dual-modality system combining a high-
speed swept-source OCT and a multispectral FLIm built based upon the AMD method for 
high-speed and high-precision fluorescence lifetime measurements to obtain an image with 
both morphological and biochemical information. To the best of our knowledge, the 
precision-enhanced multispectral FLIm based on the AMD method by using a time-domain 
multiplexed acquisition technique was first implemented in this study. Since the multispectral 
fluorescence emission pulses as well as the IRF were acquired with a single PMT, we could 
accurately and precisely measure multispectral fluorescence lifetime regardless of the modal 
dispersion caused by the use of optical delay-lines. In particular, the combination of the 
proposed high-precision multispectral AMD-FLIm and the OCT was implemented using a 
single two-channel digitizer, enabling efficient simultaneous data acquisition and intrinsic co-
registration. In addition, we performed imaging experiments on rabbit iliac artery specimens 
including normal-looking and atherosclerotic tissue to verify the feasibility of the combined 
system for atherosclerosis imaging. As shown in Figs. 4 and 5 the combined images clearly 
visualized different cross-sectional morphologies and fluorescence lifetime distributions 
according to the pathology of the tissue, thus providing the biochemical compositional 
information for the tissues. Especially, the corresponding histopathological sections showed 
that the fluorescence lifetime changes are closely related to the compositional changes, such 
as collagen density, lipid deposition, and macrophage infiltration. The fluorescence lifetime 
distribution might result from compositions located on the surface of the tissue since the 
FLIm subsystem is based on ultraviolet excitation with a penetration depth of around 200 µm 
[33]. Nevertheless, since thin cap fibroatheroma, a high-risk plaque, has a fibrous cap with a 
thickness of <65 µm [66], and macrophages are often distributed at the boundary between a 
fibrous cap and a necrotic core [64], the shallow penetration depth is sufficient for 
atherosclerosis imaging, especially for evaluating inflamed high-risk plaques. 

To extend this technology to preclinical and clinical studies, a rotary joint and a ball-lens 
catheter using a double-clad fiber are now being developed for in vivo combined intravascular 
FLIm-OCT imaging, especially in a coronary artery of a beating heart, where a high-speed 
endoscopic imaging is required. We believe that the combined multispectral AMD-FLIm 
method is most suitable for in vivo intravascular coronary imaging when combined with OCT. 
First of all, the proposed multispectral AMD-FLIm enables the high-speed and high-precision 
fluorescence lifetime measurements [52, 53], which are the requirements for coronary 
imaging that favor short imaging time. Secondly, the modal dispersion of the multimode fiber 
that broadens the fluorescence emission pulses is not a problem in AMD-FLIm method. The 
Monte Carlo simulation demonstrated that the effect of modal dispersion on the mean-delay is 
linearly dependent on the length of the optical delay-line and can be simply compensated by 
measuring the fluorescence lifetimes with the different lengths of the optical delay-lines in 
practice. This is especially advantageous for fiber-based endoscopic imaging, where the 
fluorescence emission pulses should pass through the multimode fiber or the inner-clad of the 
double-clad fiber in the imaging probe, which inevitably causes an additional modal 
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dispersion. Lastly, in spite of the use of relatively inexpensive, narrow bandwidth, and low-
speed electronics, the AMD-FLIm achieves performance comparable to that of the previous 
FLIm techniques [48, 50, 51]. In addition, the measurement speed of the AMD-FLIm can be 
significantly and efficiently improved by using a pulsed laser with a higher repetition rate. 
Due to the previously mentioned advantages, in vivo catheter imaging with the combined 
FLIm-OCT system would be more efficient in terms of speed and performance than 
conventional FLIm-OCT systems [34, 41]. In addition, this system should easily translate into 
clinical studies due to its fast acquisition speed (120 frames per second), low energy of 
excitation pulsed light (10 nJ), inexpensiveness, and no need for an exogenous contrast agent 
unlike other molecular imaging techniques based on exogenous contrast agents [67, 68]. 
Especially, the light energy per unit illumination area at the sample is calculated to be 0.09 
mJ/cm2, which is about 40 times lower than the maximum permissible exposure level by the 
ANSI standard of the FLIm subsystem, 3.52 mJ/cm2 [38]. 

Theoretically, the AMD method calculates the fluorescence lifetime, the mean-delay of a 
fluorescence exponential decaying function, under the assumption that the decay follows a 
single-exponential decaying function [52], which is seldom the case in biological tissue. In 
spite of this assumption, because the fluorescence lifetime or mean-delay of a multi-
exponential decaying function is determined by the exponents and weights of each 
exponential decaying function, the proposed AMD-FLIm can sufficiently provide average 
lifetime changes according to the tissue composition. In addition, since the imaging results of 
the combined FLIm-OCT include various pieces of information, it is somewhat difficult to 
analyze atherosclerotic lesions at a glance after imaging. Thus, a method to classify plaque 
types and to evaluate the risks associated with a plaque using a machine learning algorithm 
such as a convolutional neural network [69] needs to be developed based on morphological 
features in OCT images [62, 70] and fluorescence intensities and lifetimes of multiple 
channels. To develop the classification method, experiments on tissues of various types, 
including normal tissue, fibrotic, macrophage-rich, and lipid-rich plaques, should be 
conducted. Meanwhile, we plan to assess and quantify how much the biochemical 
components, such as collagen, elastin, and macrophages, in each tissue contribute to 
fluorescence lifetime changes based on a histologic analysis. 

In short, the combined FLIm-OCT system in this study will advance our understanding of 
the pathology of atherosclerosis by providing comprehensive images with morphological and 
biochemical compositional information in a label-free manner. The proposed combined 
FLIm-OCT system is a promising next-generation imaging technique for precise evaluation 
of high-risk plaques prior to a fatal coronary event and for early diagnosis of cancer. 
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